Introduction
The group of evolutionary and structurally related genes known as cab or Lha/b (Green et al. 1991 ; Jansson et al. 1992) , encode the chlorophyll a/b-binding polypeptides of the light harvesting systems in plant thylakoids. In tomato, nineteen Lha/b genes have so far been characterized (Green et al. 1991) , coding for proteins that belong to the light harvesting complex LHCI, associated with photosystem I (PSI), and the light harvesting complexes of LHCII, CP29, and CP24, all associated with PSII.
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Max-P1anck-Institut ffir Ziichtigungsforschung, Carl-von-Linne-Weg 10, W-5000 K61n, FRG Correspondence to: B. Piechulla At least nine different types of Lha/b genes have been identified so far, whose products display variations resulting from sequence similarities which range from 40 to 85%. In tomato, about half of the different types of LHC polypeptides are encoded by more than one gene, and the genes are located in many unlinked loci on most of the tomato chromosomes, with some clustering of genes encoding the same type of polypeptide.
The expression of the Lha/b genes in higher plant species has been previously investigated. Endogenous (organ and tissue specificity, developmental program and circadian clock, Kuhlemeier et al. 1987; Meyer et al. 1989, Kay and Millar 1992) and exogenous (light and temperature, Kuhlemeier et al. 1987; Piechulla and Riesselmann 1990 ) signals were shown to play important roles in determining the accumulation levels of Lha/b mRNA in etiolated seedlings and also in adult plants. However in most of the previous work, only one kind of gene probe, the Lhbl gene, was used and therefore the results represent primarily the expression pattern of the genes encoding the type I LHC protein of photosystern II. In addition, in only a few investigations were gene-specific probes used to identify individual Lhbl transcripts (Sheen and Bogorad 1986; Kellmann et al. 1990; Millar and Kay 1991) and to our knowledge only in three cases were Lha mRNAs, which encode LHCI polypeptides, discriminated from Lhb mRNAs (Stayton et al. 1989; Tavladoraki and Argyroudi-Akoyunoglou 1989; Wehmeyer et al. 1990) .
At this time it is not known to what extent each individual Lha/b gene contributes to the total amount of the Lha/b mRNA levels present at specific times during the day and in specific organs or tissues of tomato or other plant species. Since different Lha/b genes encode specific types of LHC proteins, which may have distinct functions or locations within the thylakoid membrane, it was of interest to determine the individual Lha/b mRNA levels in various green plant organs (leaves, stems, green fruits and sepals) and also in etiolated seedlings illuminated with white light or red and far-red light pulses.
However, the sequence similarity between the Lha/b genes complicates the detection of individual expression patterns in conventional dot or Northern blot hybridization experiments. Cross-hybridization in Northern blots is difficult to avoid and often difficult to detect since the lengths of the Lha/b gene transcripts are very similar.
Therefore the primer extension technique was chosen to determine the steady-state mRNA levels of individual members of a gene family (Dean et al. 1987; Stayton et al. 1989; Kellmann et al. 1990 ). We applied this method to detect individual Lha/b mRNAs of the well-characterized tomato Lha/b gene family. The individual Lha/b mRNAs are identified by their specific transcript length based on the binding position of the oligonucleotide (Piechulla et al. 1991) . Furthermore, the defined experimental conditions allow precise quantitation in fmol/mg total RNA of each individual Lha/b mRNA. (Fig. 2) . Stems, i.e. all internodal segments from the top down to the primary leaves, were harvested from 56-and 69-day-old tomato plants. Green fruits 1 1.5 cm in diameter (approximately 10 days after pollination) were obtained from 58-and 73-day-old plants. Sepals were harvested from flowering 61-and 69-day-old tomato plants. Stems, green fruits and sepals were harvested at 12.00 p.m. from plants grown in the greenhouse under natural light conditions. Etiolated tomato seedlings grew in growth chambers at constant temperature (23 ° C) for 7 days and were illuminated with white light (6.00 a.m. to 6.00 p.m., 290 gmol/m 2 per s, Osram Lumilux 58 W, colour 31; Fig. 3 and Table 2 ). For the phytochrome experiment the tomato seedlings were grown in darkness for 10 days (25 ° C) and treated with red and far-red pulses as described by Mohr et al. (1979) ; 10 rain red light (2max= 658 rim, 3.8 gmol/m 2 per s), 10 rain far-red light (2max = 730 nm, 18 gmol/m 2 per s) and 10 rain red light followed by 10 rain far-red light. Isolation and purification of the RNA from these tissues was performed as described elsewhere (Kellmann et al. 1990 ).
Materials and methods

Plant
Determination of steady-state Lha/b mRNA levels.
Primer extension with specific oligonucleotides were carried out to determine the steady-state mRNA levels expressed by individual Lha/b genes (Table 1) . Oligonucleotides were labelled at the 5' end and a 0.1 pmol aliquot of the primer was spotted onto a nylon membrane to determine the specific radioactivity (Cerenkov counting). Annealing of the oligonucleotide to the specific Lha/b mRNA was optimized by varying the potassium chloride concentration and the hybridization temperature (Piechulla et al. 1991) . The experiments described here were performed with 0.3 pmol oligonucleotide coprecipitated with 50 gg of total RNA. The relative levels Where Ao is measured radioactivity normalized to the day of the kinase reaction. The experimental conditions of the primer extension analysis were optimized as follows. Firstly, an optimal salt concentration and annealing temperature was determined for each oligonucleotide/Lha/b m R N A combination (Piechulla et al. 1991) . Secondly, the oligonucleotide was added in excess over the Lha/b m R N A concentration. The correct concentration of the oligonucleotide was determined by increasing the amounts of the 5' endlabelled oligonucleotide (1-80 nM), coprecipitating it with 40 gg total RNA, and measuring the amounts of radioactively labelled primer-extended ssDNA fragments. The radioactivity of these ssDNA fragments measured in the different experiments was normalized to the day of the kinase reaction (Ao). The radioactivity of primer extension product (Ao) was plotted versus the concentration of oligonucleotide (nM) and a saturation curve was obtained ( Fig. 1 A, insert) . The data were converted into an Hanes plot and the amount of 2 nM oligonucleotide (Kn) was calculated to produce a half-maximum signal (Fig. 1 A) . At least tenfold excess of oligonucleotide over Kn was used in the primer extension experiment (i.e. 0.2-0.3 pmol end-labelled oligonucleotide in 10 lal annealing assay). The method assumes that the relationship between increasing amounts of total R N A (5-80 gg) and increasing amounts of primer extension product is linear• The linear relationship of these two parameters is depicted in Fig. 1 B. The results of these control experiments demonstrate that the primer extension analysis is a useful and reliable technique for quantitation of specific Lha/b transcripts.
Results
Expression of nineteen Lha/b genes in various plant organs
Using the primer extension analysis the Lha/b m R N A levels were determined in leaves, stems, young green fruits and sepals (all samples were harvested at noon; Table 2A ). The accumulation levels are expressed as the percentage contribution of individual Lha/b mRNAs to the total amount of Lha/b m R N A present in the particular organ (Fig. 2) . High expression levels are obtained for Lhblb, if, lg, 2a (cab 1B, 3A, 3B, 4) and Lha2 (cab 7), while the contribution of the other Lha/b (Fig. 2) .
In contrast to the similarity of the Lha/b mRNA accumulation patterns, the total amount of Lha/b mRNA per mg total RNA varies in the different plant organs (Table 2B ). Highest levels of Lha/b transcripts per mg total RNA were determined in leaves, followed by sepals 
Transcript accumulation in white, red and far-red illuminated, etiolated seedlings
The expression of the individual Lha/b mRNAs was determined in etiolated seedlings illuminated with white light. The cotyledons of such seedlings were harvested every 2 h. All Lha/b mRNAs were measurable with the primer extension technique 4 h after illumination, and most of the transcripts were already present 2 h after the onset of light (Fig. 3) . The relative distribution pattern of the Lha/b transcripts examined is very similar to that observed in adult leaves, sepals, green fruits and stems (Fig. 2) . Besides the similarity of the quantitative distribution of Lha/b mRNAs the features of diurnal variation in Lha/b transcripts were investigated in illuminated seedlings (Fig. 3) . Increasing levels of the Lha/b mRNAs were obtained after the transition from darkness to light, reaching a maximum about 6 h after the onset of illumination, and decreasing levels were measured thereafter. At midnight, the transcript levels were below the detection level, with the exception of Lha2, 3 and Lhb5 (cab 7, 8 and 9). mRNA after far-red illumination reached 56% compared to the level in red light-treated seedlings, while the far-red pulse given immediately after the red light pulse reduced the total Lha/b mRNA level only to 84% (Table 2B ). The distribution pattern of the individual Lha/b mRNAs 4 h after the red light pulse is similar to the pattern observed after white light illumination or in adult leaves (Fig. 2) 
Circadian expression patterns of Lha/b transcripts
Previous studies have shown that total Lha/b mRNA levels oscillate in a diurnal and circadian fashion; however, individual genes were not examined. 
]%. , if, lg, 2a (cab 1B, 3A, 3B, 4) Lhblb, if, lg, 2a (cablB, 3A, 3B, 4) are highly expressed, while the RNA products of the other twelve genes accumulate to low levels. The quantitative differences between the Lha/b genes that are expressed in high and low amounts are prominent and this general pattern is present in all the different organs (Fig. 2) . Exact quantitation of transcripts particularly of genes of a huge gene family as studied here is very difficult but the 'primer extension' method turned out to be quite a useful technique. However, it is worth mentioning that in a few cases the experimental error can be as much as 30% and deviations beyond the error bars cited in previously published data sometimes occurred, e.g. Lhblf (cab3A) 8 versus 12% (previously) or Lhblg (cab3B) 10 versus 30% (previously) (Piechulla et al. 1991) . Our present stage of knowledge is documented in Fig. 2 and the discrepancies observed are most probably additive effects of the limits of reproducibility of the method and variations in the plant material and RNA preparations. In this context it is worth mentioning that oligonucleotides that bind to different positions in the mRNAs can result in different amounts of primer extended fragment (Piechulla et al. 1991 ). This effect is explained by incomplete binding due to structural hindrance. These and other methodological inadequacies may be the reason for the standard deviation of 20% obtained when a PCR technique was applied to quantitate Lha/b mRNA levels in Pisum sativum (White et al. 1992) . Besides the fact that the steady-state mRNA levels at noon vary significantly between the individual Lha/b mRNAs, a general distribution pattern was observed within the different organs or after illumination with different light intensities and light qualities (Fig. 2) Giuliano et al. (1988) , Taylor (1989) and Meyer and Piechulla (unpublished results) , but differential alterations in RNA stability may also play a role in some cases (Millar and Kay 1991; Meyer and Piechulla, unpublished results) . Since the mRNAs of the Lha/b genes exhibit circadian oscillations, it may be likely that a common cis-and/or trans-regulating factor is involved in expression of all these genes. A 'clock-responsive element' of 268 bp length has only been defined in the 5' flanking region of the wheat Lhbl (cab l) gene (Fejes et al. 1990 ), but no similarity to this fragment was detectable in any of seventeen analysed 5' flanking sequences of the tomato Lha/b genes. In addition, the sequence comparison study of the tomato 5'-upstream sequences revealed no DNA motif present in all upstream regions (accept for the TATA-and CCAAT-box), which can be targeted by the same trans-acting factor leading to similar expression patterns (Piechulla et al. 1991 (Schindler and Cashmore 1990) . Nevertheless the specific functions of these DNA-binding proteins in vivo are presently unknown.
Similarly, but even more complex, appear Pa results of in vitro protein-promoter DNA interactions analysed for the rbcS gene family of tomato (Manzara et al. 1991) .
It is worthwhile mentioning that the five genes of the rbcS gene family are, for example, differentially expressed in different organs (Sugita and Gruissem 1987) and therefore different DNA-motifs and DNA-binding proteins are expected. In contrast, based on the similari- give insight into the mechanism(s) co-ordinating the concerted expression of the Lha/b gene family of tomato.
